avait un effet direct négatif sur le rendement en grain ; suggérant que la sélection pour une forte teneur en sucre directement réduit le rendement en grain. Toutefois, ceci a été masqué par l'effet indirect ; d'où le coefficient de corrélation positif et significatif (P<0,001) entre les deux traits.
INTRODUCTION
Success in breeding of dual-purpose sorghum (Sorghum bicolor L. Moench) for grain and stem sugar depend on the understanding of the relationship between the two and the associated traits. The general notion is that improving grain yield results in a reduction in stem sugar yields (Srinivasa et al., 2009; Vermeriris et al., 2014) . The argument is that the two represent powerful sinks for the limited photo-assimilates. Based on this argument, it is assumed that high grain yielding cultivars are low in stem sugar, and vice versa. However, there is no strong evidence to support this view.
Reports on the relationship are scarce. Guiying et al. (2000) reported a negative relationship between stem sugar and weight of 1000 seeds (r = -0.472). Although 1000 seed weight is a grain yield component and gives pointers to the relationship, it can be argued that it is not a good reflection of overall grain yield per plant or hectare. The trait, for example, is dependent on the number and size of the seeds per plant. From the same sorghum head, different seed sizes are obtained and some seed companies pack similar sized seed of the same variety separately, a process called fractionation (Sulewska et al., 2014) .
Therefore, using grain yield per hectare or per plant represents the most dependable analysis of the relationship, which should include the associated traits. Understanding this relationship is important because it helps crop improvement scientists to formulate and optimise breeding strategies for developing dual-purpose sorghum varieties, such as choosing between direct versus indirect selection or compromising between equally important traits showing strong negative relationships.
Relationships between plant traits have been studied using simple correlation coefficients (Makanda et al., 2009) . These measure simple linear relationships among traits, that is, mutual association without regard to cause and effect. Therefore, when used alone, correlation coefficients do not give a clear representation of relationships (Bidgoli et al., 2006; Makanda et al., 2009 ). This necessitates a further breakdown of the correlation coefficients into non-linear connecting paths of influence, called path-coefficients (Bidgoli et al., 2006) . Pathcoefficients give both the direct and indirect influences of individual traits to a dependent variable (García del Moral et al., 2003) . This is based on the fact that as the number of parameters influencing a particular dependent variable increase, so does the interdependence among those parameters (Ofori, 1996) . This information is critical because it informs a breeder's choice of direct or indirect selection capitalising on correlated responses.
Correlation and path-coefficient analyses have been used to study relationships between traits in many crops including sorghum (Maman et al., 2004) , wheat (Aycicek and Yildirim, 2006) , groundnuts (Bera and Das, 2000) , bambara groundnuts (Makanda et al., 2009) , linseed (Akbar et al., 2001) , safflower (Bidgoli et al., 2006) , and tomato (Rani et al., 2008) .
Nevertheless, there are no such reports elucidating these relationship for stem sugar and grain yield traits in dual-purpose sorghums. Further, results obtained elsewhere do not necessarily reflect relationships in a different environment (Maman et al., 2004) . The objective of this study was to establish the relationship between grain yield and stem sugar traits in dual sorghum grown in southern Africa.
MATERIALS AND METHODS
Germplasm study site. The study was based on data collected from 100 sorghum genotypes that included 80 dual-purpose experimental hybrids, 18 parents and 2 check varieties. The 18 parents were divided into two groups based on the status of their cytoplasm. Eight cytoplasmic male-sterile (CMS) A-lines were designated as females and crossed to 10 cytoplasmic male-fertile lines (R-lines) in accordance with a North Carolina Design II mating scheme to generate 80 hybrids. The males were constituted from introduced (improved lines) and southern African (adapted materials) germplasm; while female parents were obtained from the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in India ( (Fig. 1) . Although the rainfall is seasonal at all sites, the temperatures and availability of irrigation facilities at CRS and MRS make them ideal for sorghum production throughout the year, unlike URF and RARS where low winter temperatures make it impossible to grow cold sensitive crops like sorghum during May to September. Both CRS and MRS are surrounded by small-scale irrigation schemes with perennial water sources from rivers and dams.
Data collection and analyses. Stem sugar concentration was measured in °brix, using an Atago PAL-1 digital, hand-held pocket refractometer, at the hard dough stage of each entry. The stems were divided into three equal sections and three brix measurements were taken from the middle internode of each section by squeezing the juice into the sample stage of the refractometer using a pair of pliers. Both the pliers and the refractometer sample stage were rinsed with distilled water and dried before the next sample was measured to avoid cross sample contamination.
It has been shown that total sugar content and stem brix has a linear relationship and, thus stem brix is a good measure of stem sugar content (Ma et al., 1992) .
Stem diameter was measured from the three mid internode sections, using a veneer calliper and stem juiciness was measured using a rating scale of 1, 3, 5, 7 and 9; where 1 (juicy) to 9 (dry), depending on the ease of pressing and resultant juice pressed, respectively (Makanda et al., 2010) . The final values for stem brix, diameter and juice score were each an average of the three measurements.
Stem biomass was measured at the hard dough stage, by stripping five plants of all leaves and heads, then cutting at ground level and weighing the stems. Grain yield was measured on a per plot basis and converted into per hectare after adjusting to 12.5% grain moisture content. Grain moisture was measured using a DICKEY-John mini GAG® Plus moisture meter. Plant height was measured using a graduated 3.0 m measuring stick. Number of days to 50% flowering (time in days taken for half of the plants in a plot to reach anthesis) were also measured by visual inspection.
In this study, the phenotypic correlations (r p ) were assumed to be equal to the genetic correlations (r g ) because the number of genotypes evaluated was high (100), evaluated over many environments (six) totalling 14 replications over sites. This is based on the fact that, as the sample size and the environments in which the genotypes were evaluated increase, r p and r g coincide due to the removal of the environmental effects by multi-location evaluation (Cheverud, 1988; Waitt and Levin, 1998) .
Two studies on correlations and pathcoefficient studies were conducted. The first using grain yield as the dependent variable, and the second was a correlation coefficient study performed on a subsample of the top 20 performing genotypes on stem sugar, grain yield and stem biomass. The second analysis was done to establish the relationship between the traits among the candidate "elite" genotypes based on performance.
Correlation coefficients (r) between all the traits were computed in GenStat computer package (Payne et al., 2007) . Pathcoefficients (P) were calculated by regression method based on the work of Wright (1960) , and Cramer et al. (1999) . In this procedure, all the independent variables (1 to n) are regressed against the dependent variable. The regression coefficient (b) of each of the independent traits is its direct effects to the dependent variable (Cramer et al., 1999 ). The indirect effects are then computed by multiplying the correlation coefficient between the target independent variable and the independent variable in its path by the direct effect, b, of the independent variable in that path to the dependent variable (Cramer et al., 1999) .
The relationships are presented in Figure  2 , where the one-headed arrows represent the direct effects and the double headed arrows represent the correlation coefficients between the determinant traits.
In addition to the correlation and pathcoefficient analysis, a selection of the entries from the study showing high performance on stem sugar, stem biomass and grain yield was used to help answer the question of whether it is possible to breed a dual-purpose sorghum with high performance across the three traits.
RESULTS

Correlation and path coefficient analysis.
The correlation coefficient between grain yield components and stem sugar traits are presented in Table 2 Days to 50% flowering were positively and significantly (r = 0.387; P<0.05) correlated with number of leaves per plant, but the relationship with stem juice score was negative and significant (r = -0.110; P<0.01). Head length was positively and significantly (r = 0.134; P<0.05) correlated with plant height and stem diameter; while its correlation with number of leaves per plant was negative and significant. There was a positive and significant correlation coefficient (P<0.01) between number of leaves per plant and both plant height (r = 0.404) and stem diameter (r = 0.302). Plant height was in turn positively and significantly (P<0.01) correlated with stem diameter.
The significance of some correlation coefficients and the regression analysis indicated that it was prudent to proceed with path-coefficient analyses on the traits to different indirect relationships forming the overall correlation coefficients. The direct effects of the traits on grain yield, and the pathcoefficients representing indirect effects are presented in Table 3 .
Although stem brix at maturity had a positive and significant (P<0.01) correlation coefficient with grain yield, its direct effect was negative and significant (r = -0.1042). Stem biomass had a positive and significant (P<0.01) correlation coefficient (Table 2) with grain yield, although the direct and indirect effects (Table 3) were low and non-significant. The correlation coefficient between grain yield and (i) days to 50% flowering, (ii) head length, (iii) plant height, and (iv) stem diameter were significant (Table 2 ), but with low direct effects (Table 3) . Stem juice score exhibited a significant (P<0.01) and negative correlation coefficient and direct effect on grain yield. Number of leaves per plant displayed a positive and high correlation coefficient and direct effect on grain yield. The indirect effects of all the traits to grain yield were generally low (Table 3) . The top and bottom grain yield performers based on stem brix, grain yield and stem biomass are presented in Table 4 . Although most of the entries, such as ICSV93046× ICSA4, showed high performance for one or two traits and performed dismally on the other, entries that showed general high performance across the three traits were identified. These were hybrids ICSV700×ICSA731, ICSR165×ICSA307, ZLR1×ICSA26, ICSR165×ICSA4, ICSV700×ICSA307, ICSR165×ICSA479, ICSR165×ICSA26, and S35×ICSA4.
DISCUSSION
The correlation and path-coefficient study has demonstrated important relationships between grain yield and stem sugar traits association in sorghum in southern Africa (Table 3 ). The first and surprising result was the positive and significant correlation coefficient between grain yield and stem brix both at grain maturity. Although it was low (r =0.071), the observation of its significance contradicts the general notion that the two traits are inversely related; and suggests that breeding can improve both traits simultaneously in one cultivar, using conventional plant breeding. This is consistent with Gutjahr et al. (2013) , who reported that change in sugar concentration was not negatively correlated with grain yield, although their study only analysed a period from anthesis to grain maturity.
The direct effect of stem brix on grain yield was negative, high and significant (Table 3) . This supports the findings by Guiying et al. (2000) , although their study used weight of 1000 seeds, not productivity per se and is in agreement with the general notion that the traits are negatively related. The negative direct effects was masked by positive indirect effect mainly through stem biomass, days to 50% flowering, plant height, and number of leaves per plant (Table 3) . The direct effect through number of leaves per plant was very high and highly significant (r = 0.458).
The negative indirect effect of stem brix through juice score, although very high, was obscured by these positive indirect effects. Therefore, the direct effect of selecting for high stem sugar is a reduction in grain yield, supporting the general notion. However, the overall effect is an improvement in grain yield due to the positive indirect effects. This observation attests to the fact that plants with many leaves tend to have higher photosynthetic capacities, thereby producing more photo assimilates used to build both stem sugars and grain yield. This can explain the positive correlations coefficients between number of leaves per plant and both grain yield (r = 0.124) and stem brix (r = 0.458) ( Table 2 ). Therefore, although leafy plants might have positive or no relationship between stem sugar and grain yield, the less leafy ones (at the same photosynthetic rates) tend to have a negative relationship between the two traits due to competition for the limited photo-assimilates. Piper and Kulakow (1994) reported that 42 to 74% of grain yield was attributed to plant biomass, results that are consistent with the positive and significant correlation coefficient between the two traits observed in the current study, although this is true only within a certain range after which the biomass start competing with the grain for photo-assimilates. The observed positive correlation coefficient between stem biomass and (i) head length, (ii) number of leaves per plant; (iii) plant height, and (iv) stem diameter (Table 3) could be attributed to the fact that plant height and stem diameter are major components contributing to the overall plant stem biomass. The findings are consistent with earlier reports in sorghum (Alam et al., 2001; Ekshinge et al., 1983; Piper and Kulakow, 1994; Ezeaku and Mohammed, 2006 ) that the traits are major contributing components plant stem biomass.
The positive correlation coefficients between plant height and both head length and number of leaves per plant suggests that the latter two traits increase as plant height increases (Table 3) , which is consistent with earlier reports in sorghum by Alam et al. (2001) and in other crops like rice by Babar et al. (2007) .
Most tall plants have longer heads than their shorter counterparts, a phenomenon that was given as one of the explanations for heterosis in sorghum (Patanothai and Atkins, 1971 ) and can explain the positive correlation coefficient between the head length and plant height. Alam et al. (2001) also reported a positive relationship of the two traits. However, this relationship can be altered by growing conditions and through breeding for improved harvest index in grain sorghum, as it ensures larger heads relative to the plant height. Therefore, this has to be taken in context of growing crops and breeding history of the reference sorghum base population.
However, the negative correlation between head length and number of leaves per plant implies that plants with many leaves have smaller heads, and vice versa. The reason for this observation is not clear as both traits are genetically controlled, although the head length can be influenced by the environment. This could mean that the many leaves were competing with the head for photo-assimilates and implies that breeding for high grain yield can be achieved indirectly through breeding for reduced leafiness to optimum levels. However, these optimum levels have to be established for each cultivar because it is logical that differences in plant architecture (including height) and environmental conditions result in varying photosynthetic levels and efficiencies (Sarlikioti et al., 2011) .
The positive relationship between stem diameter and number of leaves per plant can be attributed to more photo-assimilates from more leaves that are used to build tall and thick stemmed plants. This can explain the positive and significant correlation between stem diameter and plant height because plant growth occurs both in height and girth.
CONCLUSION
Overall, the observed positive correlation coefficient between grain yield and stem sugar suggest that it is possible to improve both traits in one cultivar, answering the question as to whether dual purpose sorghum combing high grain yield and stem sugar can be developed. Although the direct effect of stem brix on grain yield was negatively significant, the identification of hybrids ICSV700×ICSA731, ICSR165×ICSA307, ZLR1×ICSA26, ICSR165×ICSA4, ICSV700×ICSA307, ICSR165×ICSA479, ICSR165×ICSA26, and S35×ICSA4, that combined high performance for grain yield, stem brix and stem biomass confirmed this suggestion.
